In human life, discrimination of a target voice from other voices or sounds is indispensable, and inability for such discrimination results in sensory aphasia. To investigate the neuronal basis of the attentional system for human voices, we evaluated brain activity during listening comprehension tasks using functional magnetic resonance imaging (fMRI) at 3T. Diotic listening comprehension tasks, in which a narration was superimposed by another given by the same speaker (SV experiment) or by a diŠerent speaker (DV experiment), were presented to normal volunteers. The story indicated in the baseline task blocks, in which only one narration was presented, was intensively followed during the superimposed task blocks. In each experiment, 6 task blocks, 3 blocks for each condition, and 7 rest blocks were alternatively repeated, and the contrast of the superimposed condition to the baseline condition in each session was obtained. In the DV experiment, compared with the control condition, activation in Wernicke's area (BA22) was increased. In the SV experiment, activation in the frontal association cortex (BA6, BA9 W 46, BA32, BA13 W 47) was additionally increased. These results suggested that di‹culty in phonological processing to discriminate human voices calls for further semantic, syntactic, and prosodic processing, as well as augmented selective attention.
Introduction
In human communication, discrimination of a target voice from other voices or sounds is indispensable. Since C.E. Cherry's experiments in the 1950s, 1, 2 the ability for such discrimination has been described as the``cocktail party problem'' from the viewpoint of auditory selective attention. Attempts have been made to explain this phenomenon from the perspectives of sound source determination, binaural listening, and auditory attentional shift. [3] [4] [5] [6] [7] In this study, we attempted to use high-resolution functional magnetic resonance imaging (fMRI) to extract the neuronal system to discriminate human voices. 8, 9 The left posterior superior temporal gyrus (STG, Brodmann's area; BA 22, Wernicke's area) is involved in phonological processing 10 and was activated by the subject's listening to incomprehensible language, 11 suggesting that phonological processing is applied to an arbitrary sound that has the characteristics of language. Furthermore, involvement of Wernicke's area in lexical and semantic processing has also been reported. [12] [13] [14] Activation of the left posterior inferior frontal gyrus (IFG, BA 44 W 45, Broca's area) has also been observed in response to passive listening. 11, 15, 16 Broca's area, primarily assigned to speech production, 17 has been demonstrated to be involved in syntactic processing and verbal short-term memory. 13, 16, [18] [19] [20] Complex sentences presented visually 18 or in audible form 16 augmented activation in this area. The memory working to store phonological information in Broca's area was assumed to form a rehearsal system. 19 Activation of higher motor areas, such as the supplementary motor area '' indicates a narration read by a female speaker and was performed in all 6 task blocks. The second task numbered``2'' indicates a narration superimposed onto theˆrst task in the superimposed task blocks. In the same voice (SV) experiment, task 2 was presented by the same female speaker. In the diŠerent voice (DV) experiment, the superimposed narration was given by a male speaker. In both experiments, the volunteers were instructed to listen to the story presented in task 1 even in the superimposed task blocks. 76 T. Nakai et al.
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(SMA) and pre-motor area (PMA, BA6), has also been reported, although their functional role in language processing is still under exploration. 11, 13, 16, 21 Activation in the angular gyrus (AG) was also observed in response to passive listening, suggesting that the AG is involved in semantic processing 10, 11, 16, 22 rather than comprehension of written language. 13 In this study, we attempted to elucidate how these language areas support attention to discriminate human voices. The di‹culty in phonological discrimination was modulated.
Methods

Subjects and materials
This study was performed according to a research protocol approved by an institutional review board. Written informed consent was obtained from all participants. Ten volunteers (3 right-handed women aged 20 to 40) participated. All were native Japanese speakers. None had hearing di‹culties or other neurological disorders.
Design of the paradigms
Brain activation was examined using listening comprehension tasks in Japanese. For auditory presentation, an MRI-compatible auditory stimulus system (Resonance Technology Inc, Northridge, CA, USA) was employed. All materials were sampled from newspaper articles describing social topics considered familiar to the average person. Articles just describing facts were selected, and those containing emotional descriptions or opinion were excluded. Two experiments were designed (Fig. 1) . In each experiment, 3 task blocks with only one narration (single task) and 3 task blocks with superimposed narration (superimposed task) were repeated alternatively and interleaved with 7 rest blocks. Both ears received simultaneous and identical auditory stimulation (diotic listening). In theˆrst experiment (the same voice experiment; SV experiment), a story narrated by a woman was divided into 6 task blocks and another story read by the same speaker at the same speed (40 words per min) was superimposed onto three of the 6 task blocks. To understand the entire story, the volunteer was required to listen to the narration in the single task blocks and to track it in the superimposed task blocks. In the superimposed task blocks of the SV experiment, the 2 stories cannot be distinguished by the phonological characteristics, and the volunteers had to track the narration word by word according to the context of the story. The design of the second experiment (the diŠerent voice experiment; DV experiment) was the same, except that the narrative was superimposed with a diŠerent story presented by a male speaker. In the DV experiment, the volunteers could employ the phonological characteristics of each speaker to distinguish the 2 narrations superimposed. Each session consisted of the baseline condition and the superimposed condition so that the subject could continuously track the context of one story given by the female speaker.
The volume of the auditory presentation was adjusted for each volunteer to the minimum at which the narration could be clearly understood. An example single task block containing only one narration was presented for this adjustment using the test scan mode that generates the sound of the gradient coil as the data acquisition mode. fMRI procedure
The blood oxygen level-dependent (BOLD) contrast-based fMRI 8 data were obtained using 3T MR imaging (GE Signa VH W i 3.0T). A single-shot gradient-recalled echo sequence with a spiral k-space trajectory was employed for functional studies. 9 Navigator echo correction was applied to further reduce motion and physiological artifacts. The imaging parameters were repetition time (TR) 3000 ms, echo time (TE) 25 ms, ‰ip angle (FA) 70 degrees,ˆeld of view (FOV) 24 cm, eŠective inplane resolution 96×96 reconstructed into a 128× 128 matrix, and slice thickness 4 mm interleaved and 30 axial slice were prescribed. Ten images per slice were obtained in each block and 130 images per slice in one series. The obtained raw data was reconstructed oŠ-line on a workstation (Sun Microsystems, Santa Clara, California USA).
T1-weighted 3D images were obtained as anatomical references for spatial normalization using a fast spoiled gradient echo sequence. The parameters were TR 6.8 ms, TE 1.7 ms, FA 60 degrees, in-plane resolution 256×256, FOV 24 cm, slice thickness 2 mm, and 60 axial slices identical to the volume of fMRI data were prescribed. T2-weighted images were obtained for anatomical template using a fast spin echo sequence. The parameters were TR 5000 ms, TE 80 ms, echo train length 12, in-plane resolution 256×256, FOV 24 cm, and 30 axial slices covering the same volume of fMRI data were obtained.
Data analysis
The fMRI data were analyzed by statistical parametric mapping (SPM2, Wellcome Department of Cognitive Neurology, London, UK). The data were realigned with theˆrst image of each session to remove image drift using a 6-parameter rigid body model. Next, all images were transformed into a standardized stereotactic space template at the Montreal Neurology Institute (MNI). The 3D data sets were resampled to 2 mm 3 isotropic voxels. The normalized images were spatially smoothed to compensate for inter-subject variation in anatomy and potential normalization error using Gaussian kernels of 6 mm for aˆxed eŠect model analysis and 8 mm for a random eŠect model analysis. A high passˆlter was applied at the cutoŠ point of 128 s.
For statistical tests, a boxcar function was applied as a reference function. Individual analysis for each subject was performed using aˆxed eŠect model with a height threshold of p＝0.001 (corrected, T＝4.3). For a group study, a random eŠect model analysis was performed. The contrast images were globally normalized to a mean of 100, and one-sample t-test was performed on the average images to create an SPM map with a height threshold of p＝0.005 (T＝3.25) and an extent threshold of p＝0.05. Statistical tests were conducted to detect the brain activity induced by each task condition as well as to obtain the diŠerence between the 2 conditions within a session. To obtain diŠerential activation between the 2 conditions, the contrast image between them was obtained with masking using the minuend contrast and processed as described above with the same threshold. Note that the task conditions were basically compared within a session because the comparison across sessions may have had potential error from the hemodynamic interaction among the conditions when more than 2 task conditions are alternatively performed in one session. 23 Coordinates in MNI space were adjusted to the Talairach coordinate (http://www.mrc-cbu.cam.ac.uk W Imaging W Common W mnispace.shtml) to conˆrm the location of activation.
The rank grading of comprehension
After the experiments, subjects reported the topic of the story to which they paid attention, and they evaluated the di‹culty of comprehension using a 10-rank grading system assuming that the level of di‹culty in the single blocks was 10 and complete non-comprehension was 1. The average and standard deviation of the grading in each experiment were calculated to compare the di‹cul-ty in each condition.
Results
The rank grading of comprehension All 10 volunteers successfully reported the topic to which they paid attention in both experiments. The 10-rank grading of di‹culty was 2.4±1.1 in the SV experiment and 4.9±1.2 in the DV experiment. A paired t-test indicated that comprehension was more di‹cult in the semantic superimposed tasks than in the DV experiments (pº0.005).
General activation in listening comprehension
An example individual activation map for the single task blocks is shown in Fig. 2 . Figure 3A and C show statistical parametric maps (SPMs) for the 3 single-task blocks in contrast to the rest condition in each experiment. Activation was observed in the bilateral transverse temporal gyri (TTG, BA41 W 42, primary auditory cortex) and the bilateral STG (BA21 W 22, including Wernicke's area), extending to the left AG (BA39). This activation pattern replicated that in our previous report of the listening comprehension of plain sentences in one's native language. 11 
Activation in the SV experiment
In addition to the areas observed in the simple task blocks, the following areas were activated in the superimposed task blocks of the SV experiment: the bilateral pre-central gyrus (PCG, BA6 W 44); bilateral middle frontal gyrus (MiFG, BA9 W 46); bilateral frontal operculum (FOp, BA 47 W 13); right supramarginal gyrus (SMG, BA40); and the anterior mid-sagittal region including the presupplementary motor area (pre-SMA, BA6), cingulate gyrus (CG, BA32), and medial frontal gyrus (MeFG, BA8) (Fig. 3B) .
The diŠerential activation between the superimposed task blocks and the simple task blocks was observed in the following regions (Table 1 , Fig. 4A ): the left posterior STG (BA22, Wernicke's area) and adjacent TTG (BA 41 W 42); bilateral FOp (BA47 W 13); the right posterior IFG (BA44); right MiFG (BA9); right SMG (BA40); and the anterior mid-sagittal region described above (BA6 W 8 W 32).
Activation in the DV experiment
In the DV experiment, superimposed over the narration by the female speaker was a diŠerent story presented by a male speaker in the superimposed task blocks, and the participant was instructed to follow the narration by the female speaker. The areas activated in the superimposed task blocks were the same as those in the single-task blocks (Fig. 3D) . Activation in the left posterior STG (BA22 W 41, Wernicke's area) and right posterior STG (BA22) remained after subtraction of the contrast between the single task blocks and the superimposed task blocks (Table 2, Fig. 4B ).
The contrast of the superimposed task blocks in the SV experiment against that of the DV experiment is shown in Fig. 4C . DiŠerential activation was observed in the anterior mid-sagittal region (BA6 W 8), the left PCG and MiFG (BA6 W 9), the right MiFG (BA46), the right FOp (BA47 W 13), and the right SMG (BA40). No diŠerence was detected in Wernicke's area.
Discussion
In theˆrst experiment reported by Cherry 1 it was di‹cult for the participants to shadow one narration superimposed onto another by the same speaker (analogous to the SV experiment in this study). Furthermore, when the participant shadowed the sentences heard through one ear while ignoring other sentences presented to the other ear, they could not recall what they had recognized on the irrelevant channel after the shadowing task. In the present study, instead of shadowing, the volunteers had to catch the words and phrases associated with the context of the story given in the single task block. This approach was employed for 2 reasons:ˆrst, it was preferred to exclude activation originating from speech production and to selectively detect the activities representing listening comprehension, and second, to avoid head motion caused by shadowing.
Since Cherry's experiments, many studies have been conducted on the role of sound source determination in the cocktail party phenomenon. [3] [4] [5] [6] [7] Binaural masking level diŠerence has been considered a part of the mechanism to detect sound sources among interfering noises, and brainstem neurons have been suggested to support this mechanism. 6 It was also suggested that the auditory cortex may be involved in auditory attention. In a PET study, selective attention to lateralized sounds activated the primary auditory areas in the contralateral hemisphere. 24 Thisˆnding was supported by a study of postoperative patients impaired in the ability to discriminate sound on the contralateral side of the anterior temporal lobectomy. 25 On the other hand, a relationship between auditory attention and memory was proposed. 4 These reports demonstrated the role of each functional element to discriminate human voices; however, the neuronal basis of the whole system remained unknown.
In the SV experiment, the activation to discriminate phonologically indistinguishable narrations was clearly elucidated. Activation of the MiFG (BA9 W 46) was compatible with the heavy usage of working memory 26 , whereas it was also noted that the activation of this area does not necessarily prove the engagement of working memory. 27 Here, it will be reasonable that more working memory was needed because the context of the recent phrases are necessary to keep attention to and track down one of 2 stories presented simultaneously by the same speaker.
The anterior CG (BA32) has been reported to be involved in selective attention in which competing responses are inhibited. 28 Tracking one narration from information of the context of the story given in the single task blocks and the continuing part stored in the working memory buŠer during the superimposed task blocksˆts the condition proposed by Pardo's group. 29 It was suggested that the anterior CG is involved in the process of selecting between competing processing alternatives on the basis of some pre-existing internal, conscious plan. Another study indicates that the anterior CG detects conditions under which errors are likely to occur and monitors the performance of tasks. 30 Cooperation between working memory and attentional monitoring is assumed in the discrimination of 2 narrations of the same voice.
Of note was the augmented activation in the right BA44 in the superimposed task blocks. This area has been associated with prosody of language. 31, 32 Injury here can cause a disturbance of ‰uent speech described as``foreign accent syndrome.'' 33 The augmentation of the activity in the superimposed task blocks in the SV experiment may suggest that this area is associated with not only prosody in language production but also discrimination of voice modulation in language recognition. Thiŝ nding also suggests a neuronal background to Cherry'sˆnding that rhythmic activity and precision timing are important in auditory discrimination in noisy environments. 2 In the diŠerential analysis, major peaks remained at bilateral FOp (BA47 W 13). We hypothesize that this activation may be more related to the employment of rhythm formation to discriminate the 2 narrations overlapping because activation in this area was augmented by the demand for rhythm processing. [34] [35] [36] Rhythm processing may well cooperate with the processing of prosody to extract the target sentence.
In conclusion, it was suggested that the discrimination of human voices may be primarily supported by the phonological processing in Wernicke's area, and di‹culties in phonological discrimination may be further supported by the attentional system of the frontal association cortex.
